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TRANSDUCERS USING FORCED TRANSITIONS BETWEEN FERROELECTRIC 

AND ANTIFERROELECTRIC STATES* 

By 
D.  Berlincourt 

Clevite Corporation, Electronic Research Division 
Cleveland, Ohio 

ABSTRACT 

The use of resonant piezoelectric composite structures for acoustic 

radiation into fluid media is well established.   At low frequencies, desirable 

for long distance acoustic transmission, resonant structures are extremely 

large and expensive.    Frequency lowering can be accomplished by a variety 

of means involving use of bending structures or mass-loading, but the result- 

ing transducers are vulnerable to pressure effects due to deep submersion. 

A possible alternative to present transducer structures is the use of the 

electric field-forced transition from antiferroelectric to ferroelectric.   A 

number of Pb(Zr, Sn, Ti)0« compositions have been developed which experi- 

ence these transitions at relatively low electric field (~ 7-15 kV/cm) and 

typically generate volume strains near 0. 1%.  There is therefore not neces- 

sarily a requirement for acoustic shielding, and since the developed strain 

is independent of frequency, resonant structures are not needed.   Construc- 

tion is therefore simplified and the size and weight of low frequency trans- 

ducers may be reduced.   Operating characteristics of the antiferroelectric 

transducer are discussed in detail, but no large low frequency transducer 

arrays have yet been built. 

INTRODUCTION 

The transition antiferroelectric-ferroelectric can occur spontaneously 

with temperature change, increase in electric field, or change in stress 

configuration.   The technically important ferroelectric ceramic materials with 

• 

* 
Presented at 1965 IEEE Ultrasonics Symposium, Boston, Massa- 

chusetts, December 3,  1965. 



the exception of PbNbgCL are all of the perovskite structure type and are 

therefore only slightly distorted from cubic.    Some of these materials have 

both ferroelectric and antiferroelectric distorted structures, and in these 

cases transitions to ferroelectric from either cubic (paraelectric) or anti- 

ferroelectric involve an increase in specific volume.    The specific volume of 

the cubic state is intermediate between that of the ferroelectric and antiferro- 

electric states.    In the ferroelectric state the unit cell is elongated parallel 

to the polar axis; in the antiferroelectric state one of the axes perpendicular 

to the antiparallel displacements is shorter than in the cubic (reference) phase. 

It has been demonstrated that hydrostatic and one-dimensional com- 

pression favor the antiferroelectric state, and transitions at pressures as 
(1 2) low as a few thousand psi have been obtained with some compositions.    ' 

The pressure-forced transition may be used for conversion of mechanical 

to electric energy.    In similar fashion the electric field-forced antiferroelectric - 

ferroelectric transition may be used for conversion of electrical to mechanical 

energy by virtue of the geometric change of the primitive unit cell.    Since the 

transition occurs also with temperature change,  thermoelectric and thermo- 

mechanical energy conversion are also possible.   With respect to the heat of 

transition these processes are directly coupled, but the thermal energy 

required to provide the necessary temperature rise limits power conversion 

to the 1% efficiency range. 

The electric field-forced transition was demonstrated first in PbZrO, 
(3) by Shirane, et al.       in a narrow temperature range near the Curie point. 

4+ 4+ Sawaguchi showed that substitution of about 3 atom% Ti     for Zr     in PbZrO„ 

introduces a ferroelectric state (rhombohedral) in a narrow temperature range 
(4) 

below the Curie point.        The electric field-forced antiferroelectric-ferroelectric 

* T>.  Berlincourt, H. Jaffe, H. H. A. Krueger, and B. Jaffe,  "Release 
of Electric Energy in PbNb(Zr, Ti, Sn)03 by Temperature and by Pressure- 
Enforced Phase Transitions," Appl.  Phys. Letters 3, pp.  90-92, Sept. (1963). 

(2) ~ y 'D.  Berlincourt, H. H. A. Krueger, and B. Jaffe,  "Stability of Phases 
in Modified Lead Zirconate with Variation in Pressure, Electric Field, Tem- 
perature, and Composition, " J.  Phys. Chem. Solids, Vol 25, pp. 659-674(1964). 

(i\ — x 'G.  Shirane, E. Sawaguchi, and Y. Takagi, Phys. Rev. 84, 476-481 
(1951). — 

14) v 'E. Sawaguchi, J.  Phys. Soc. Japan 8, 615-629 (1953). 



transition in Pb(Zr, Ti)0~ compositions is obtained only over a narrow tem- 

perature range because the free energy of the ferroelectric state is slightly 

higher than that of the antiferroelectric state only over a narrow temperature 

range.    B. Jaffe found that this difference in free energy is minimized over 
4+ 

a much wider temperature range by substantial substitution of Sn     for 
4+   (5) (Zr, Ti)    ,        and that further reductions are accomplished by substitution of 

T   3+      , _ 2+ ,     _,, 2+   (6) La     and Sr     for Pb    . 

GENERAL PRINCIPLES OF THE ANTIFERROELECTRIC TRANSDUCER 

The equations which define the action of the antiferroelectric trans- 

ducer are derived readily from the thermodynamic potential generally called 

the Gibbs free energy.    The antiferroelectric-ferroelectric transition is a 

first order transition, and there are therefore discontinuities in the partial 

derivatives of the Gibbs free energy with respect to temperature,  stress, or 

electric field.    These partial derivatives are respectively entropy, mechan- 

ical strain, and dielectric displacement.    The following relationships are 

obtained by setting the Gibbr free energy equal for states A and F.    They hold 

for first order transitions, with derivatives taken along the phase boundaries. 

<SV-W'   and <2) 

WE 
= BSvTv '   where (3) 

2 
D = dielectric displacement (C/m ), 

(5)B. Jaffe,  Proc.  IRE 49,  1264(1961). 

B.  Jaffe, unpublished. 

WE " FSV! 

E = electric field (V/m), 

D = dielectric displac 

8 = temperature (°K), 

p = hydrostatic pressure (N/m ), and 
3 AQ * thermal energy (J/m, heat of transition). 



These equations hold strictly cnly for equilibrium conditions, but actually 

there is always hysteresis. It has nevertheless been shown that the equa- 

tions hold well especially for transitions occurring with increasing tempera- 
(2)   ture,  pressure, or electric field. 

Equation (1) describes the action of the ferroelectric transducer for 

electrical to mechanical energy conversion or vice versa.    Equations (2) and 

(3) describe the action in thermoelectric and thermomechanical conversion, 

and will not be discussed further here.    Equation (1) can be generalized to 

include stress systems other than hydrostatic pressure as follows: 

dE3 AS3 

Wa T    T    
=irrv    >      an(* (4) v^'e,TrT2 -3Ty3 

^e, T2, T3 = srr3 •    where (5) 

S,, S   = strain parallel and perpendicular to applied 
electric field and 

T«,T  = stress parallel and perpendicular to applied 
6    l    electric field (N/m2) 

For increments in stress and electric field with the appropriate 

boundary conditions, Equations (1), (4), and (5) become 

AEAD = (AV/V)AP, (6) 

AE AD = AS3 AT3, anJ (7) 

AEAD = AS1AT1    . (8) 

These equations state that a compressive stress raises the transition elec - 

trie field to ferroelectric and that an electric field will likewise raise the 

transition stress to antiferroelectric, and that the energies involved are 

equal.    This is equivalent to stating that these energies are perfectly coupled, 

k = 100%. 

Figure 1 illustrates the ideal equilibrium (no hysteresis )field-forced 

ferroelectric transition at ambient (for practical purposes zero) pressure. 

The transition to ferroelectric at the electric field E. is marked by an 

increase in pi      .zation AP and specific volume AV/V.   With decrease in 

electric field the transition back to the stable antiferroelectric phase takes 



.-. r^im^-:»»:li 

place here also at E..    Under nonequilibrium conditions there is significant 

hysteresis and the transition fields for the transitions to ferroelectric (Ef) 

and to antiferroelectric (E ) are related E   < E. <E- . 
EL cl t I 

Figure 2 shows schematically the actual operation of the antiferro - 

electric transducer for electromechanical energy conversion,    D-E and 

AV-p plots are sketched for three conditions of mechanical load:   a) zero 

pressure load, b) linear mechanical load with energy dissipated in the load, 

and c) ideal nonlinear mechanical load.    With a) there is no energy conversion 

and a volume change AV occurs at E,, a change -AV at E   with electric field i a 
decrease.    The dielectrically dissipated energy per unit volume WD is given 

approximately by 

WD=(Ef-Ea)Ps   , ^ (9) 

where 

Po = spontaneous polarization of the ferroelectric state, 
C/m2, 

E = electric field, V/m, and 
3 W~ = dissipated energy density, J/m 

In b) the mechanical energy/unit volume delivered is W._~ 1/2 (AV/V)Ap.    The 

additional electrical energy dissipated is 1/2 AE AD = 1/2 (AV/V)Ap (see 

Eq.  (6)).   With the ideal nonlinear load the mechanical energy delivered is 

Ap{AV/V) = AE AD . 

With the Unear mechanical load the ratio of energy delivered to 

energy dissipated in the antiferroelectric element is 

WDelivered/Wdissipated=   Ef-E&      ' (l0) 

Under these ideal conditions the efficiency is 
: 
v 

e ~ ET~E  *n) 

I 
This shows that the key to efficient operation is low hysteresis (E. ~E ) and 

I St 

I heavy loading (AE large).   This will be discussed further with respect to 

data on actual ceramic compositions, but it should be noted that the anti- 

ferroelectric transducer cannot be highly efficient.   Its strength lies rather 

.. jNWwn'v. 
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in simplicity of design and freedom from the requirement of mechanical 

resonance.    It should perhaps be noted that the treatment has to this ooint 

been general, not limited to a fluid load.    The antiferroelectric transducer 

is better matched,  of course, to solid loads.   One could, for instance, use 

an antiferroelectric transducer (low duty cycle) for generation of high ampli- 

tude acoustic waves at any frequency below its switching speed (at least 

5 Mc with the best materials).   It can thus be used as an extremely broad- 

band (dc to a few Mc) delay line transducer or as a generator of elastic 

stress for elasto optic modulation, but in both cases with a severely restricted 

duty cycle. 

Figure 3 shows schematically the operating range of a "slanted" loop 

antiferroelectric transducer.   A dc bias field about equal to the average of 

Ef and E   is maintained and an ac electric freld is applied to generate the 
13. 

volume strain.   The resulting ac polarization and ac strain are shown sche- 

matically.   Due to nonlinearity and hysteresis the dynamic polarization and 

strain are distorted.    The distortion in the polarization results in internal 

heating (Equation 9), while that in strain results only in distortion of the 

acoustic signal.    The latter results in some degradation of output power at 

the driving frequency, but does not otherwise affect operation. 

EXPERIMENTAL DATA 

There are two antiferroelectric states in modified and unmodified 

PbZrOg, one with orthorhombic symmetry with only very slight distortion 

from tetragonal, the other with tetragonal symmetry.   In each case there is 

very high cell multiplicity, with over 100 perovskite unit cells in one tetra- 

gonal multiple cell.    The forced transition to ferroelectric occurs generally 

only from the tetragonal antiferroelectric state.    PbZrCs is orthorhombic 

antiferroelectric at room temperature.   The temperature-composition phase 

diagram of Fig. 4 shows that this state remains stable to the Curie point. 

Substitution of substantial amounts of Ti     for Zr     y ' (Fig. 4), Ba     for 
2+ (7) 5+ 4+ (8) 

Pb   ,       or Nb     for Zr brings about a ferroelectric (rhombohedral) 

*7)G. Shirane and S. Hoshino, Acta. Cryst.  7, 203(1954). 
<8)N. N. Krainik, Zh. Tekh.  Fiz. 28, 525 (1958) 
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phase.    Three ferroelectric phases are shown in Fig. 4.    The tetragonal 

ferroelectric phase FT is isostructural with PbTiCL.    There is a first order 

transition between the two rhombohedral phases, with discontinuities in 

lattice constants and polarization, but it has not yet been possible to detect 
(9 2) 

any superstructure in either state or a difference in symmetry.    ' 

Substitution of Sn4+for(Zr, Ti)4+ and/or La3+ for Pb2+ in Pb(Zr, Ti)Og 

extends the tetragonal antiferroelectric state at the expense of the rhombo- 

hedral ferroelectric state.    These effects are demonstrated in triaxial phase 

diagrams in Figs.  5 and 6.    In addition,  Fig.  5 shows the establishment of a 

metastable Fp/L-jn-A— phase boundary by poling.    With compositions within 

the metastable region the forced transition from antiferroelectric to ferro- 

electric occurs with electric field increase, but the ferroelectric state 

remains as a metastable phase with removal of the electric field.   An example 

of this type of behavior is shown in Fig.  7. 

Only compositions which have the tetragonal antiferroelectric state 

stable over a useful temperature range may be considered for application as 

antiferroelectric transducers.    For the transition to occur at a reasonable 

electric field the free energy difference should be low.   This in effect means 

that desirable compositions are those which are close to the FR,. T*~AT phase 

boundary in phase diagrams such as Figs.  5 and 6, and on the A_ side. 

The differences in primitive cell volumes for the FR.Hrrw A_, A-, and 

cubic (paralectric) phases are illustrated by the thermal expansion curves in 

Figs.  8 and 9.    These curves and other related data show that the primitive 

unit cell size is in the following order: 

1. A0 

2. AT 

3. P 

4' FR(J.T) 
5- FR(HT)* 

Volume increasing 

<9)H.  Barnett, J. Appl.  Phys.  33,   1606 (1962). 
* — 

The high temperature ferroelectric rhombohedral phase does not 
occur in Figs.  8 and 9, and it does not in fact exist in compositions exhibiting 
the forced transition over a wide temperature range. 



The specific volume difference An-F   ,„   . is as high as 0. 96%, but this 

transition cannot be electric field-forced.    The transition which can be 

field-forced in specific compositions over a wide temperature range is that 

between AT and FR,_ _,..    The specific volume difference ranges from 0. 5% 

to less than 0. 1% depending on composition.    It should be noted that thermal 

expansion in the ferroelectric range is markedly anisotropic with poled speci- 

mens.    This is much more pronounced in FR,TTTV than FR,T _.. 

Figure 10 shows dimensional changes through a pressure-forced ferro- 

electric-antiferroelectric transition for the composition whose thermal expan- 

sion curve is shown in Fig.  8.    The upper curves show S. and S„ for a poled 

specimen and the curve at lower right shows AV/V = 2S. + S«.    Remanent 

values of S1 and S, are due to domain orientation, and remanence in AV/V 

for the poled specimen is the result of a slight volume increase, probably 

due to microcracks, which occurred during poling.    The pressure at which 

the transition FR,LTV^T 
occurs is more sharply defined in the poled speci- 

men,   and it occars at a pressure about 8, 000 psi higher.    This should be 

expected since the electric energy stored in poling (J edD) raises the energy 

difference between the ferroelectric and antiferroelectric states, causing a 

similar increase in mechanical energy (Jp dV/V) required to force the transi- 
3 tion.    The electric energy stored is about equal to E   P„ = 0. 19 J/cm .    The 

C      ±\ o 
additional mechanical energy is about equal to Ap AV/V = 0. 23 J/cm . 

Figure 11 shows an electric field-pressure phase diagram for the 

composition whose thermal expansion curve is shown in Fig.  8 and whose 

dimensional changes through the pressure-forced transition FR,. Tv_A    are 

shown in Fig.  10.    These data were obtained by measurement of transition 

pressure, determined from permitttivity-pressure curves,    at different 

bias electric field levels.    The slope of p   (pressure for transition to anti- 
cL 

ferroelectric with increasing pressure) vs. bias field curve is 960 psi/kv/cm. 
2 

Using this and PR = 27 |iC/cm ,  Equation (1) gives AV/V = 0. 41%,  in nearly 

exact agreement with the value obtained in Fig.  10 and the value extrapolated 

* 
Permittivity is markedly higher in the ferroelectric state. 
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to room temperature in Fig.  8.    The upper curve in Fig.   11 is asymmetric 

about zero electric field because of the original polarity of the poled specimen. 

There are in general terms two different types of electric field-forced 

antiferroelectric-ferroelectric AT-FR,TT» transitions.    Neither, of course, 

has the ideal characteristics sketched in Fig.  1.    Typical charge density- 

electric field hysteresis loops for the two types are shown in Fig.  12.    All 

antiferroelectric Pb(Zr, Sn, Ti)0« compositions with Curie points above about 

100°C appear to have either relatively "square" or "slanted" hysteresis loops. 

In comparison with the "square" loop materials, those with "slanted" loops 

have lower transition electric fields (Ef),   lower     relative volume differences 

between the ferroelectric and antiferroelectric states, wider temperature 

ranges over which the transition can be forced by electric field, and much less 

hysteresis.   Furthermore, the forced transition is faster with the "slanted" 

loop materials, taking place in less than one microsecond.   All factors other 

than the magnitude of the volume difference thus favor the "slanted" loop 

materials for acoustic power generation. 

Typical strain afield curves for transitions of these two types are shown 

in Figs.  13 and 14.    The strains S. perpendicular to and S„ parallel to the 

electric field are shown as well as Sv = S, + 2S .    The strain S   was measured 

by means of a strain gage cemented to an electroded surface.    The volume 

strain Sv was determined from volume displacement of the specimen when 

placed inside a small oil-filled fused quartz chamber with a calibrated capillary. 

The strain S« was calculated (S, = SL. - 2S ). 

Several of the advantages of the "slanted" loop composition for acoustic 

power generation are immediately evident in Fig.  12 and demonstrated by 

comparison of Figs.  13 and 14, as well as the disadvantage of considerably 

lower transition strain.   The first one -half cycle is unique, and is shown here 

only for completeness.   There is a small remanence in S« and S , with that 

in the former opposite in sign and almost exactly twice the magnitude of the 

latter.   The remanence is due to domain orientation in the forced ferroelectric 

state, and because of the mechanical nature of this orientation its effects 

remain in the stable antiferroelectric state.   It is necessary to heat the speci- 

men above the Curie point to remove the remanent strains, and only after 

doing so can the first one-half cycle be repeated.    For use in transducers this 

is not important, and in any case there is no such effect with the volume strain. 

9 



It is noteworthy and of considerable practical importance that with the 

"slanted" loop material the strain S   is more than an order of magnitude less 

than So-   On repetitive cycling S   even contributes to the volume strain, out 

only slightly.    In contrast piezoelectric ceramic transducers presently 

employed in radiating transducers generate maximum strain at or near mecnani- 

cal resonance, and require acoustic shielding to prevent strain cancellation 

due to cross-contraction.    This in addition to the necessity for frequency lower- 

ing and impedance matching leads to high static stress and consequent large 

changes in the parameters of the piezoelectric ceramic. ' 

Figure 15 shows volume strain as a function of polarization for the 

"slanted" loop composition.    This curve essentially combines the data of the 

hysteresis loop in Fig.  12 and the volume strain-electric field curve in Fig.   13. 

The curve in Fig.   15 is virtually linear within the transition region (to 
2 o 

P~ 18 uC/cm  ).    With P > 18 uC/cm ,  there are piezoelectric effects in 

addition to further transition effects.    Near P„ there are no additional transi- 

tion effects, and the piezoelectric effect reaches its saturation value 

(gh~l7xl(f3m2/C). 

Figure 16 shows corresponding data for the pressure-forced transition 

ferroelectric-antiferroelectric. The curve at the left is reproduced from Fig.   10. 

The curve in the center shows loss of polarization of the ferroelectric state 

through the transition, with the indicated initial slope equal to the measured 

values of d,.    The loss of polarization is shown as a function of AV/V on the right. 

Just as in Fig.  15, the AV/V-P relationship is linear through the transition 

region. 

(10)D.  Berlincourt and H.  H.  A. Krueger, J.  Appl.   Phys.  30_,   1804(1950). 

*U)B.  A.  Rotenberg, Soviet Phys.-Solid State j_,   1627(1960). 

* *H.  H.  A." Krueger and D.  Berlincourt, J.  Acoust.  Soc.  Am.  33, 
1339(1961). ~~ 

* 'S.  V.  Bogdanov,  B.  M.  Vul, and R.  Ya.  Razbash, Soviet Phys.- 
Cryst.  6, 58 (1961). 

^l4)R.  F.   Brown, Can. J.  Phys.  39,  741(1961). 
(15)R.  F.  Brown, and G.  W.  McMahon, Can.  J.   Phys.  40, 672(1962). 
(16)R.  F.  Brown and G.  W   McMahon, J. Acoust.  Soc.  Am.  38, 570(1965). 
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The slope ^ -rp  in the transition region is 2. 1 x 10     m  /C for the 

-3     2 "square" loop composition of Fig.   16 and 3. 6x10     m  /C for the "slanted" 

loop material of Fig.   15.    The six to one ratio is just about equal to the ratio 

of transition values of AV/V.    It is also about equal to the ratio of ferro- 

electric distortions   for these compositions.    A truly surprising feature of 

the "slanted" loop compositions is their very slight distortion from the cubic 

reference phase in combination with values of P„ about the same as for "square" 

loop compositions with much higher distortion.    It appears either that there 

are large ionic displacements which do not result in unit cell distortion with 

the "slanted" loop materials,  or perhaps more likely,  there is a much larger 

contribution to the polarization by electron cloud   distortion rather than ionic 

displacements. 

Figure 17 shows the dependence of Ef, here defined for a "slanted" 

loop composition as the electric field at which P= _ p     on compressive stress. 

There is no conclusive difference in the data for hydrostatic stress and parallel 

stress.    The~e is very little change of E„ with lateral stress.    These data were 

obtained from hysteresis loops taken with stress maintained.    Changes of E 
cL 

with stress (not shown) are virtually identical,  so the difference Ef-E   is for 

practical purposes independent of stress.    From the slopes of these curves 

and the Equations (1),  (4),  and (5) values of (AV/V)t, (S3)t,  and (S )     with 

the subscript identifying the strains as transition strains, may be calculated 

using AD = Pg .    The values are respectively 0. 12%,  0. 12%, and 0. 028%. 

Comparison with Fig.   18 for the same nominal composition is fairly diffi- 

cult since the transition is not sharp,  and there are piezoelectric strains 

in the forced ferroelectric state.    The piezoelectric effect is, however, fairly 

weak.    It should nevertheless be noted that the piezoelectric constant d„    is 

very much less in magnitude than d„3 in the forced ferroelectric state,  and 

as a result the hydrostatic effect d,   - d„„ + 2d_    is considerably stronger than 

The ferroelectric distortions are rhombohedral,  with the difference 
in axial lengths of longest and shortest diagonal of the cubic reference cell 
proportional to the deviation of the rhombohedral angle from 90°. 

There is actually a slight decrease of Ef-E   with increasing stress. 

11 



in ordinary piezoelectric ceramics with perovskite structure,    These effects 

are fairly clear from the slopes of the saturated portions of the curves in 

Fig.   13.  The apparent transition strains in Fig.   13 may be chosen at the 

electric field at which the polarization saturates, about 30 kv/cm.   Neglecting 

the first one-half cycle they are 0. 115% (AV/V),  0. 10% (Sg), and 0. 008% (S^. 

Agreement with calculated values is fairly good, especially for (A V/V)..    This 

would normally be expected; one can achieve exactly hydrostatic conditions, 

but one can only approach experimentally a condition of one-dimensional stress. 

It should be pointed out that direct use of a change of specific volume 

for generation of acoustic power in a fluid m edium cannot be extended to low 

frequencies without quite large configurations because of the general require- 

ment of dimensions not too small compared to a wavelength.    Assuming an 

isotropic strain in a sphere, the acoustic power in watts is given by 

,2jrR .2   3    ,AV.2 

,   (-*-)   c   p(-^jr) 2 
pa = TS 2    (4»R ),     where (12) 

<KR> +1 

R = radius, meters 

c = velocity of sound (1500 m/sec in water) 
3 3 o = density of water = 10   kg/m , and 

> = wavelength in meters = c/f . 

The antiferroelectric transducer does not generate an isotropic strain 

even though all strain components are in the same sense (Fig.   13).   Neverthe- 

less Equation (12) may be applied to estimate acoustic power available from 

an antiferroelectric transducer.    Table I shows the acoustic power density 

(p /4xrR , power per unit area) in water for spheres with several values of 
©I 

R/X and a volume strain of 0. 1%.   Cavitation is neglected.   Actual values of 

the radius for the listed values of R/X are shown for frequencies of 100 and 

1000 cps.   Corresponding values of total output power are given for all 

reasonable sphere sizes. 

The table also lists values for internally dissipated power.    With the 

slanted "loop" composition of Fig.   12, E.-E   is about as low as has yet been 

achieved, although materials with considerately lower values of E, are available. 

12 
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o 
In this case Ef-E„ ~ 2 kv/cm and AD ~15 iaC/cm   for a volume strain of 

13. n 
~ 0. 1% about a bias of ~20 kv/cm.    The heat power is thus 3 watts/cm   at 

3 
100 cps or 30 watts/cm   at 1000 cps.    The total internally dissipated power 

values listed in Table I were calculated assuming that only 15% of the total 

enclosed volume is driven.    It is immediately evident that the antiferroelectric 

transducer will require a low duty cycle or forced cooling or both.    With a 

1% duty cycle and noting that the heat capacity is about 3 J/cm °C, the average 

temperature rise would be about one degree centigrate in 100 seconds at 100 cps 

or in 10 seconds at 1000 cps, assuming no heat loss.    It should be pointed out 

that optimum compositions from this standpoint (low E.-E ) have yet to be 

developed, and there are indications that considerable improvement can be 

obtained.    It is fortuitous that with temperature rise Ef-E   decreases, with 

a corresponding decrease in heat power.    This can be seen in an extreme 

example in Fig.  18, where hysteresis loops for a "square" loop composition 

are shown at several temperatures.   With respect to temperature rise, there- 

fore, the antiferroelectric transducer tends to be self-limiting.   Narrowing of 

the loop with ihe "slanted" loop material is less dramatic but nevertheless 

definite. 

In actual practice one would probably use a stack of rings electrically 

connected in parallel and with major strain component (Fig.   13) axial.    The 

stack of rings should, of course, be capped to increase fluid displacement. 

Lateral relief is not required due to the nature of the transition strain.    If a 

horn is provided in order to increase further the fluid displacement, lateral 

relief would, however, be required. 

CONCLUSIONS 

The use of an electric field-forced antiferroelectric to ferroelectric 

transition for electromechanical energy conversion is fairly well understood. 

Its major advantage is very wideband (nonresonant) operation, and its major 

disadvantage is high internally dissipated power.   It is possible that anti- 

ferroelectric transducers may find use in low frequency sonar systems with 

low duty cycle or as wideband delay line transducers where high strain ampli- 

tude is important. 

14 
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